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INTRODUCTION AND LITERATURE REVIEW 
Known Thermodynamic Data 
An accurate knowledge of the thermodynamics of formation 
of metal fluoride salts at high temperature is especially 
important in conjunction with many chemical processes. The 
value of thermodynamic calculations is in predicting the spon­
taneity, the heat requirements, and the optimum conditions for 
a chemical process. According to Markin ejt al. (1), accurate 
thermodynamic data must be known for fluorides if they are to 
be used as an electrode constituent in certain electromotive 
force cells. 
Tabulations of thermodynamic data for fluoride compounds 
have been compiled by Wicks and Block (2), Kubaschewski and 
Evans (3), and, more recently, by Steinmetz and Roth (4). In 
addition, thermodynamic data for the various rare earth halides 
have been tabulated by Thoma (5) and Dworkin and Bredig (6,7). 
Thermodynamic data have been determined for metal fluorides 
with electromotive force cell techniques by Heus and Egan (8), 
Lofgren and Mclver (9), and Markin, Bones and Wheeler (1). 
Hamer, Malmberg, and Rubin (10) listed the electromotive force 
series for solid and molten fluorides, bromides, and iodides 
for theoretical cells of the configuration M/MX2/X2 (1 
atm). Rudzitis e^ a_l. have measured the standard enthalpies 
of formation of MgFg (11), AIF3 (12,13), YF, (13,14), GdF^ 
(13), NiF2 (15), and ThF^ (16) by direct combination of the 
2 
elements in a bomb calorimeter at 298°K. 
Table 1 lists the thermodynamic quantities which have 
been reported in the literature. Listed also are the temper­
ature ranges involved, the experimental or assessment method 
used, and the references in which the data were reported or 
accumulated. 
Of the three reviews that were used for comparison with 
the measurements of this investigation, one (10) presented the 
standard emf versus temperature data for solid and molten 
fluorides. The other two reviews (2,4) presented measured as 
well as estimated values of thermodynamic quantities such as 
the standard free energy of formation, AG^, versus temperature 
from which the standard emfs may be calculated using the 
following equation 
AGJ = -n3E. (1) 
A brief description of the method for calculating emf values 
from the standard free energy of formation, AG|, and the 
standard free energy of displacement, AG^, values is presented 
in Appendix A. 
Emf values were calculated at several temperatures for 
displacement reactions involving the metals and their corres­
ponding fluorides that were selected for the present study. 
From such calculations, the equations for emf as a function of 
temperature were determined and are listed in Table 2. A com­
parison of these emf versus temperature equations for dis-
Table 1. Thermodynamic quantities reported in literature for fluoride compounds 
Salt 
CuF^ 
NiFz 
Reference Thermodynamic 
quantities reported 
Temperature 
Range, °K 
Experimental or 
assessment method 
(17)^ (22)b  
^^298 AF/T vs 1/T 
(23)  
*^298 Solubility, estimated 
(24)  (17) AH298'ASgggMACp 298-1020 Review 
(3) (42)  
^^298 Review 
(10) - " E 298-1500 Review 
(17) (23)  
*^298 Solubility, estimated 
(17) (25) 
^^298 Hg equilibrium 
(17) (22)  
*"298 298.1 H2O-HF equilibrium 
(3) (17) 
*^298 Review 
(3) (18)  
^298 Calorimetry 
(24)  (17) *Hf,298'AFf,298**Cp 298-626 Review 
(4) (2 ,3)  AH298 'ASggg 298-1300 Review 
(2)  (17) 
*^298 Review 
(2)  (18) 
^298 Calorimetry 
(15) (15) 
^"f ,298 298 Bomb calorimetry 
(10) E 298-1500 Review 
tx 
^Reviewer's reference. 
^Original reference. 
Table 1. (Continued) 
Salt Reference Thermodynamic 
quantities reported 
(24)* (17)b AHf,298'AFf,298'ACp 
(3) (20) 
^^298 
(3) (21) CO 
^298 
(17) (25) 
^^298 
(17) (22) 
^^298 
(17) (23) 
^^298 
(2) (17) AH298 »AS298 
(4) (3) 
^^298'^^298 
(10) E 
(17) (25) AHf,298 
(17) (22) AHf,298 
(3) (17) 
^^298 
(3) (21) CO 
^298 
(24) (17) AHf,298'AFf,298'ACP 
(4) (3) AHzgg'ASggg 
(2) (20) 
^'^298 
(2) (18) S298 
(1) (1) 
™^disp,873 
Temperature 
Range, °K 
Experimental or 
assessment method 
298-723 Review 
Review 
Calorimetry 
reduction 
HgO-HF equilibrium 
Solubility, estimated AS 
Review 
298-1450 Review 
298-1500 Review 
298 reduction 
298 HgO-HP equilibrium 
Review 
Calorimetry 
298-1033 Review 
298-1350 Review 
Review 
Calorimetry 
873 Emf cell:Ni,NiF7/CaF-/ 
Fe,FeF2 
Table 1. (Continued) 
Salt Reference Thermodynamic 
quantities reported 
Temperature 
Range, °K 
Experimental or 
assessment method 
FeF, (9) (9) 
^^disp,298'ASdisp,298 870-1000 Emf cell:Ni,NiF,/CaF,/ 
FepFeFg 
(10) - - E 298-1500 Review 
CrFz (17) (25)  (AF-AHzgg/T)  Hg reduction 
(24) (17) AHf,298'ASf,298'ACP 298-1375  Review 
(3) (17) 
^^^98 '^298 Review 
(4) (2 ,17)  
^^298'^298 298-1375 Review 
(10) - - E 298-1500 Review 
VP3 (24)  (24)  
, 2 9 8 , 2 9 8  298-1400 ACp extrapolation 
(2,4) (17) 
^^298'^298 298-1500 Review 
(17) (30) 
^^298 Calorimetry 
(4) (31) AM^gg'ASggg 298-1400 ACp extrapolation 
(10) E 298-1500 Review 
MnPg (17) 
^^298 Solubilities, estimated 
(17) (25)  AHf,298 H2 reduction 
(24)  (17) AHf,298'APf,298 298-1000 Review 
(3)  (17) A^298 Review 
(3) (32)  CO 
^298 Cp review 
(2) (17) 
^^^298 '^298 Review 
en 
Table 1. (Continued) 
Salt Reference Thermodynamic 
quantities reported 
Temperature 
Range, °K 
Experimental or 
assessment method 
(17,2) AH298'ASggg 
E 
(17) AHf,298'AFf 
(33) Cp 
(34,35) 
*^298 
(36) 
^298 
(28) AH^ 
(26) 
^^298 
(17) 
^^298*^298 
(3,37) 
^^298 
(12) 
,298 
(13) AHf,298 
(1) GMFdisp,873 
MnF, 
AlF. 
ThF, 
(4) 
(10) 
(24) 
(3) 
(3) 
(3) 
(17) 
(17) 
( 2 )  
(4) 
(12) 
(13) 
( 1 )  
( 1 0 )  
(4) 
( 2 )  
(24) 
(3) 
( 8 )  
(3) 
(17) 
(20) 
(38) 
( 8 )  
^^298 
AH 
A qo 
'^^298 
298'^298 
^"f,298 '^^f ,298 
^^298'^298 
^'^^disp,873' 
^^disp,873 
298-1129 
298-1500 
298-932 
298-1400 
54-296 
298-1400 
298 
298 
873 
298-1500 
298-1300 
298-1330 
5-300 
873 
Review 
Review 
Review 
ACp extrapolation 
Calorimetry 
ACp extrapolation 
Solubility 
Solubility, estimated AS 
Review 
Review 
Bomb calorimetry 
Bomb calorimetry 
EMF cell:Ni,NiF,/CaF_/ 
Al.AlFj ^ ^ 
Review 
Review 
Estimated from ThCl^ data 
Review 
ACp extrapolation 
EMF cell:Ni,NiF,/CaF_/ 
Th,ThF^ ^ ^ 
Table 1. (Continued) 
Salt 
THF. 
ScF. 
MgF. 
Reference Thermodynamic 
quantities reported 
Temperature 
range, °K 
Experimental or 
assessment method 
(16) (16) AHf,298 298 Bomb calorimetry 
(10) E 298-1500 Review 
(24) (17) AHf,298'^^£,298'^^p 298- 1500 Review 
(17) (17) 
^^298 298 From estimated 
(2) (17) 
^^298'^298 298 Review 
(4) (24) AH298'ASggg 298-1500 Review 
(10) E 298-1500 Review 
(17) (26) AMsoln 298 Solubility, estimated AS 
(17) (27) AHsoln 298 Review 
(17) (22) AHsoln HgO reduction 
(29) (11) 
,298 298 Bomb calorimetry 
(22) 
,298 HF reduction 
(19) AHf,298 HF reduction 
(34) AHf,298 Mg+PbFg+MgFg+Pb equilibrium 
(43) ACp,AS°98 54-296 ACp extrapolation 
(40) ACp,AS° 298-1536 ACp extrapolation 
(4) (37,3) AH298 ,AS°gg 298-2000 ACp extrapolation 
(2) (20) 
^^298'^298 298-1800 Review 
(1) (1) 
^^^disp,873 873 EMF cell:Ni,NiF„/CaF./ Mo MaF- ^ ^ 
Table 1. (Continued) 
Salt Reference Thermodynamic 
quantities reported 
(24) (20) 
^^f,298'AFf 
(10) E 
(24) (17) 
^^f,298'AFf 
(17) (17) 
^^298'^^298 
(3) (14) 
^^298'^298 
(2) (17) 
^^298*^298 
(4) (2 ,3)  AH298 >AS298 
(13) (13) 
^^298 
(14) (14) 
^^298 
(10) - - E 
(2) (20)  
*^298 
(2) (39)  
^298 
(4) (3,37) AH298 'ASggg 
(17) (26) 
^^298 
(17) (27) 
^"soln,298^ 
(17) (22)  A"disp ,298  
(3) (20) 
^^298 
(3) (32)  
^298 
MgF. 
^^3 
CaF 2 
Temperature 
range, °K 
Experimental or 
assessment method 
298-923 Review 
298-1500 Review 
298-1660 Review 
Estimated from AH2gg of 
similar salts in same 
series 
Bomb calorimetry 
Review 
298-1425 Review 
298 Bomb calorimetry 
298 Bomb calorimetry 
298-1500 Review 
Review 
Calorimetry 
298-1756 ACp review 
Solubility, estimated AS 
Solubility, estimated AS 
H2O-HF equilibrium 
Review 
ACp extrapolation 
Table 1. (Continued) 
Salt Reference Thermodynamic Temperature Experimental 
quantities reported range, °K assessment method 
CaF2 (24) (20) 
,298'^^p 298-723 Review 
(10) E 298-1500 Review 
NdF3 (2) (17) (AHzgg)'(Sggg) Estimated AHsoln 
(5) (AHf,298) Review 
(41) AHf,298 Review 
(10) E Review 
GdFj (2) (17) (AHzgg).(^298^ Estimated ^^soln 
(13) (13) AHf,298 298 Bomb calorimetry 
(5) 
,298^ Review 
(10) - - E 298 -1500 Review 
DyFj (2) (17) (AH29g).(Sggg) Estimated AHsoln 
(5) - -
^^^£,298^ Review 
(10) E 298 -1500 Review 
ErF3 (2) (17) , (S^gg) Estimated A"soln 
(5) - -
^^^£,298^ Review 
(10) E 298 -1500 Review 
LUF3 (2) (17) (AH^gg) » (Sggg) Estimated A"soln 
(5) 
^^^£,298^ Review 
(10) - - E 298 -1500 Review 
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Table 2. EMF versus temperature equations for cells of 
Ni,NiF2/CaF2/M*,M'F2 type as determined from other 
investigators 
M',M'F^ Equation E(mv) = A+BT, T(°K) Reference 
AljAlFj E = -1275 + .086T 2 
E = -1092 + .150T 10 
E = -1738 + .175T 4 
Ca,CaF2 E = -2886 + .160T 2 
E = -2868 + .200T 10 
E = -2881 + .144T 4 
Co,COF2 E = -28 + .007T 2 
E = -12 - .057T 10 
E = -30 + .012T 4 
Cr.CrFg E = -586 - .066T 2 
E = -458 - .067T 10 
E = -552 + .020T 4 
Cu.CuFg E = 649 - .020T 2 
E = 710 - .033T 10 
E = 611 + .056T 4 
Dy.DyFg E = -2011 + .176T 2 
E = -2287 + .088T 10 
Er,ErF3 E = -1909 + .146T 2 
E = -2207 + .093T 10 
Fe,FeF2 E = -261 + .066T 2 
E = -194 + .013T 10 
E = -229 - .024T 4 
Gd,GdF3 E = -2098 + .176T 2 
E = -2380 + .093T 10 
LUjLuF^ E = -1925 + .148T 2 
E = -2207 + .093T 10 
Table 2. (Continued) 
11 
Equation E(niv) = A+BT, T(°K} Reference 
Mg/Mgf, E = -2311 + .1881 2 
E = -2314 + .247T 10 
E = -2360 + .1721 4 
Mn,MnF2 E = -731 + .022T 2 
E = -644 - .047T 10 
E = -716 - .OlOT 4 
NdjNdP^ E = -2184 + .190T 2 
E = -2479 + .160T 10 
SCjScFj E = -1906 + .HOT 2 
E = -1844 + .0431 10 
E = -1896 + .058T 4 
Th,ThF^ E = -1746 + .066T 2 
E = -1719 + .057T 10 
E = -1782 + .HOT 4 
VpVFg E = -739 - .046T 2 
E = -630 - .073T 10 
E = -728 + .lOOT 4 
YjYFj E = -1966 + .116T 2 
E = -2279 + .093T 10 
E = -2534 + .056T 4 
12 
placement cells of the type Ni,NiF2/CaF2/M'reveals 
several gross discrepancies. For example, discrepancies in 
AG| of about 29 kcal/mole F2 can be found among the previous 
reviewers (2,4,10) for the compounds AlF^ and YF^. This 
accounts for the poor agreement in the corresponding emf 
equations of Table 2. A disagreement of about 15 to 17 kcal/ 
O 
mole F2 is also found among the tabulated values of AG^ for 
the rare earth fluorides. The disagreement is only about 5 
to 6 kcal/mole F2 for the compounds CrF^, -MgF2, MnF2, and VF^ 
and is much less (0.1 to 3.2 kcal/mole F2) for the remaining 
six compounds, namely CaF2, CoF^, CUF2, FeFg, ScF^ and ThF^. 
Statement of Purpose 
In view of the foregoing remarks, the primary purpose of 
the present investigation was to check existing thermodynamic 
data values with direct emf measurements made at elevated 
temperatures. The measurements were made on solid galvanic 
cells which involve displacement reactions among the 18 dif­
ferent fluorides listed above and their corresponding 
metallic elements. In this way, the more gross inaccuracies 
presented in the existing thermodynamic tabulations for 
fluoride compounds may be highlighted and corrected. 
Thermodynamic Considerations 
Frenkel (44) and Wagner and Schottky (45) described the 
types of defects which are present in thermal and chemical 
13 
equilibrium in an ionic crystal. Wagner (46), in his paper 
on the theory of oxidation of metals in 1933, developed the 
theory that these defects were responsible for the isothermal 
transport of mass and charge through an ionic compound. In 
that paper (46) , Wagner derived the relationship between the 
thermodynamic free energy difference over an ionic crystal and 
the open circuit emf thereby imparted to it. It was pointed 
out that materials exhibiting virtually exclusive ionic con­
ductivity could be used as solid electrolytes in galvanic 
cells for thermodynamic investigations at elevated tempera­
tures. The thermodynamic relationships and equations for the 
study of fluoride ionic compounds by electromotive force 
techniques are presented as follows: 
Consider the metals M' and M" and their respective fluo­
rides, for example, M'F2 and M"F^. If M" is more noble than 
M', a mixture of M' and M"F^ is thermodynamically unstable and 
will spontaneously react according to the displacement 
reaction 
M'(solid) + 2/3 (solid)^ 2/3 M"(solid) + M'Fz(solid) (2) 
Alternatively, if M" is more reactive than M', then a mixture 
of M" and M'F2 will be unstable and will react according to 
reaction 2 in the reverse direction. The isothermal, isobaric 
free energy change, AG^, per mole of F2 for reaction 2 is 
given by 
14 
AG^ 2/3Uj^„ + - 2/3Pj^„P^ (3) 
where the y terms denote the chemical potentials (i.e., the 
Gibbs free energy per mole of the condensed phases M", M'F2, 
M', and M"F^, respectively). Except in rare cases, the chem­
ical potential, y, of a condensed phase (stoichiometric com­
pound or nominally pure metal) is negligibly different from 
its standard state value, in which case Equation 3 reduces 
to 
AG(J % 2/3y^,, + - U^i - 2/3yj^„p^ = AG^ (4) 
Adding and subtracting lip , the chemical potential of fluorine 
^2 
gas at one atmosphere, and rearranging yields the following 
important relationship for reaction 2 at any temperature: 
AGJ = AG^CM'Fg) - 2/3AG°(M"F3) , (5) 
where the standard formation free energies (per mole of com­
pound) on the right hand side are given by 
AGJ(M'F2) = UjJ.p^ - - Wp^ (6) 
and 
AGICM'Tj) = y°„p - - 3/2|i° (7) 
The importance of Equation 5 stems from two facts. First 
of all, the quantities AG^ for any fluoride compound can be 
determined quantitatively from experimental measurements. In 
fact extensive tabulations of AG^ values versus temperature 
are already in existence for many of the fluorides and other 
15 
compounds as well (e.g., oxides, nitrides, carbides, bromides, 
etc.). This means that AG^ values can be quantitatively cal­
culated from AG^ values at any desired temperature for dis­
placement reactions involving any two metals and their respec­
tive fluorides. This is done by simply using Equation S or 
an equivalent form with stoichiometric coefficients modified 
according to the chemical formulae of the compounds involved. 
The second reason Equation 5 is important stems from the 
thermodynamic properties of the AG^ quantity. Thus any dis­
placement reaction is spontaneous in the forward or reverse 
direction according as AG^ for that reaction is less than or 
greater than zero. Equilibrium prevails when AG^ vanishes. 
Also from the variation of AG^ over a specified temperature 
range, one can deduce the enthalpy change, AH°, and the 
entropy change, AS^, associated with the displacement reaction 
in question. 
Because of well-established integral formulae relating 
the molar heat capacities of reactants and products to AH^, 
O 
ASj, and AG|, it is possible to estimate AG| data in tempera­
ture ranges where direct measurements have not been made. 
This is done by determining AH^ and AS^ or AG^ at one or a few 
temperatures by direct measurement and then extrapolating or 
interpolating on the basis of heat capacity data. In some 
cases the heat capacity data are determined from direct calo-
rimetric or spectroscopic studies; however, in many cases, 
16 
they have also been estimated from theoretical and/or semi-
empirical formulae. 
On the one hand it is a testimonial to the power of 
theoretical thermodynamics that extensive tabulations of 
thermodynamic data can be generated from only a limited number 
of measurements. On the other hand, however, the result of 
this is that existing thermodynamic data tabulations contain 
a substantial number of rather inaccurate values. These 
inaccuracies may be due in part to cumulative errors intro­
duced by extrapolation with inaccurate heat capacity formulae 
or they may be due to experimental errors in the values 
obtained from direct measurements. These inaccuracies are 
especially prevalent in the higher temperature data for 
fluoride compounds. Much of the high temperature data is 
estimated from extrapolations based on a limited amount of 
heat capacity measurements and a still more limited number of 
direct measurements of AH^ and AG^ values. Moreover, many of 
the direct measurements used in these estimates were con­
ducted years ago and, in many cases, may be prone to very 
substantial experimental errors. 
Expérimental Methods for Determining 
î-ree Energy Data for Displacement Reactions in the Solid State 
Calorimetric methods may be used to determine: (A) the 
enthalpy change per mole of reactant, AH^, for a displacement 
17 
reaction and (B) the molar heat capacities of each of the 
reactants and products involved in the displacement reaction. 
Calorimetric determinations of are usually reported for 
only one temperature (usually 298°K) or occasionally at a few 
discreet temperatures. On the other hand, calorimetric deter­
minations yield molar heat capacity data as a more or less 
continuous empirical function of temperature over the tempera­
ture range studied. From such measurements, the displacement 
free energy change for the temperature T may be determined 
according to the fundamental thermodynamic formula 
AG° % AG, = (AH qj , + AC dT - T / (AC /T)dT (8) 
a d zys d 298 P 0°K P 
where the enthalpy change, of the displacement 
reaction at 298°K is determined with a reaction- or bomb-
calorimeter and where the temperature dependence of 
ACp = Cp(M') + 2/3Cp(M"F3) - 2/3Cp(M") - [^(M'F,) (9) 
is obtained from heat capacity determinations of each of the 
reactants and products individually. This method of determin­
ing AG^ or AG^ as a function of temperature is quite sound in 
principle; however, a great many very carefully controlled 
experimental measurements and numerous laborious integrations 
of the data are required for each displacement reaction 
studied. 
Alternatively one may determine AG^(M'F2) and AG£(M"F2) 
18 
individually and then use Equation 5 to determine AG| values. 
The calorimetric approach outlined above may be again employed, 
however the same objections apply. In fact, the magnitude of 
the task is redoubled since one must now study two formation 
reactions instead of only one displacement reaction. 
The individual formation free energies might also be 
determined from measurements of the fluorine gas partial pres­
sure required to sustain equilibrium coexistence of the metal 
and its fluoride as the temperature is varied. Thus, for 
example, coexistence of M' and M'F2 implies equilibrium of 
the formation reaction 
M*(solid) + FgCgas) + M'FgCsolid). (10) 
In accordance with fundamental thermodynamic theories, this 
implies that the Gibbs free energy change vanishes for reac­
tion 10; i.e. 
AGf(M'F2) = = 0. (11) 
Rearranging Equation 11 after replacement of the condensed 
phase chemical potentials with standard state values and re­
placement of iJp with the well established relation 
2 
Up = ]i° + RTlnPp (12) 
^2 ^2 ^2 
yields 
AG°(M'F2) = -RTlnPp (13) 
19 
In Equation 13, Pp is the fluorine gas partial pressure (in 
2 
atm) required to sustain coexistence and AG|(M'F2) is the 
standard formation free energy for according to Equation 
6. If the Pp values are too small to be measured directly, 
^2 
they may be determined from partial pressure measurements of 
suitable gas mixtures such as H2, HF mixtures. However, sub­
stantial difficulties must be overcome to obtain reliable 
quantitative partial pressure measurements on such reactive 
gas atmospheres, especially at elevated temperatures, and 
again, two such equilibria must be studied for each displace­
ment free energy determination. 
Galvanic cell emf measurements may be used to measure 
displacement free energies directly. Although aqueous elec­
trolytes are ruled out for high temperature measurements, 
molten salt or solid electrolytes reversible to fluoride ions 
may be employed in the cell arrangements of the type 
M',M'F2/Fluoride ion electrolyte/M". (1) 
According to Wagner (46), the open circuit emf of such a cell 
is given by 
E = -(yp - Mp )/2Z 3 = (y" - y* )/23 (14) 
2 ^2 ^ ^2 2 
where the fluoride ion valence, Zp, has been set equal to 
minus one to obtain the second part of Equation 14 and where 
electronic transport in the fluoride ion electrolyte is 
assumed to be negligible. The quantities and Up^ in 
20 
Equation 14 are the effective fluorine gas chemical potentials 
established respectively at the right and left electrodes. 
Assuming that equilibrium coexistence prevails in both 
electrodes of cell I and that the condensed phases are virtu­
ally in their standard states, it follows (as in the arguments 
involving réaction 10 above) that 
AGJ(M"F3) = - y°„ - 3/2yp^ = 0 (15) 
for the right electrode and that 
AGJ(M'F2) = ^M'F2 - " ^F2 ~ ° (16) 
for the left electrode. 
Solving Equations 15 and 16 for Up and , and sub-
tracting to get y" -Up , and then inserting the result into 
^2 ^2 
Equation 14 gives 
E = AG°/2^ (17) 
where AG^ is the standard free energy change per mole of F2 
for the displacement reaction 2, i.e., AG^ is given by Equa­
tion 4. A completely analogous derivation is obtained for 
displacement reactions (and hence for reversible electrodes) 
involving fluorides with different stoichiometric compositions. 
The same result may also be obtained by the classical 
electrochemical approach of considering the virtual cell reac­
tion (for the passage of two Faradays of charge) as being the 
sum of appropriate electrode reactions involving the charging 
and/or discharging of ions at the electrode-electrolyte inter­
faces . 
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Therefore the emf, Ej versus temperature, T, relation may­
be readily generated from open circuit cell emfs and thermo­
couple emfs measured potentiometrically. The choice of re­
versible electrode materials determines the displacement 
reaction being studied. The reproducibility of each E, T 
point may be examined by ranging the temperature through each 
point several times during each run, or by running duplicate 
cells simultaneously, or by making several runs. Although the 
method is not without problems, the relative simplicity of the 
emf technique for determining AG^ versus T at elevated tem­
peratures makes this method the most expedient one for study­
ing free energy changes for relatively large numbers of differ­
ent displacement reactions. 
In order to minimize electrolyte containment and contam­
ination problems, a solid CaF2 pellet [as opposed to a fluo­
ride molten salt) was employed as the fluoride ion electrolyte 
in each of the cells used in this investigation. The suit­
ability of solid CaF2 as a solid electrolyte at elevated tem­
peratures has been established previously by a number of 
authors (46,47,48). 
Although Oriani (49) was concerned with thermodynamic 
measurements on metallic systems only (i.e., metals and alloys 
and not metals and metal fluorides as in this investigation), 
he discussed the following reversibility criteria: The elec­
trolyte must exhibit an ionic transference number of essen­
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tially unity, the more electropositive metal of the electro­
lyte must exhibit only one valence state with respect to the 
anions of the electrolyte, and that valence must be known. 
Only one reaction should occur at the electrode-electrolyte 
interface and the temperature must be high enough to permit 
diffusion to neutralize any activity gradients within the 
electrode pellets. In addition, Kubik and Alcock (50) point 
out that the vapor pressure of each cell constituent must be 
small enough in the temperature range studied to eliminate 
significant vapor since it can plate out on the cell creating 
a short circuit across the cell. 
Several conditions will be met if the cell is operating 
reversibly. The emf will be time-independent at a constant 
temperature and will be reproducible regardless of whether it 
is approached from a lower or higher temperature. And the emf 
will be rcattainable after a small current is passed through 
the cell in either direction. These criteria and conditions 
of reversibility apply to both solid and liquid electrolytes. 
Schmalzried (51) states that the pressed and sintered 
electrolytes may provide pore or grain boundary conduction in 
addition to volume conduction which is the principal mode of 
ionic transport in single crystal electrolytes. If more than 
one electrode reaction occurs, mixed potentials are produced 
thereby yielding false emf data. Electrode-electrolyte reac­
tions are possible at high temperatures. Finally, the valence 
23 
of the mobile ions in the electrolyte must be known. Kiukkola 
and Wagner (52) also discuss the possibility of mass transport 
due to capillary action through the electrolyte and surface 
diffusion on the surface of the electrolyte pellet. These 
authors (533 also state that solubilities in solid electro­
lytes are generally lower than in liquid electrolytes but that 
electronic conduction is more serious in solid than in liquid 
electrolytes. 
Application of Calcium Fluoride as a Solid Electrolyte 
Alcock (54) and Raleigh (55) have published excellent re­
views or summaries of ionic conduction in solids and of the 
theory and application of solid electrolytes. Schieltz (56) 
also presents an excellent review of solid electrolyte appli­
cations. Probably the most comprehensive review is the recent 
publication by Rapp and Shores (57) . In addition, the theory 
of classical aqueous electromotive force cells is discussed in 
detail in texts by Wall (58), Glasstone (59), Maclnnes (60), 
and Delahay (61). High temperature Ca?2 solid electrolyte emf 
cells have been used for several years to obtain thermodynamic 
data for the free energy of formation of fluorides (1,8,9), 
carbides (62), borides (63), and metal alloy intermediate 
phases (64,65,66). 
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EXPERIMENTAL PROCEDURE 
Apparatus 
Electromotive force measurements were made on emf cells 
of the type M',M'F^/CaF2/M" with nickel or nickel alloy 
wire providing the electrical contact between the reversible 
electrodes and the external circuit. The use of symmetric 
double cells in the runs demonstrated the absence of thermal 
gradients and the reproducibility of the data. In these cells, 
a common coexistence electrode at the center contacts two 
identical single crystals of CaFg which serve as the solid 
electrolytes. The matching outside electrodes are comprised 
of a different metal, metal fluoride coexistence mixture than 
that used for the common electrode in the middle. Only a few 
runs, later in the study, involved either a single cell or 
double cells in which the outside reversible electrodes were 
unlike. 
A schematic diagram of the apparatus with a double cell 
in place is shown in Figure 1. A multi-lead glass-to-metal 
seal electrical pass-through was soldered into the brass lid. 
The cell leads and the chromel-alumel thermocouple were 
soldered to the pass-through and thereby provided electrical 
contact to the external potentiometer. The thermocouple was 
connected to an ice bath in order to negate any ambient tem­
perature changes. Electrical contact was maintained through­
out the experiment by means of a spring-loaded AI2O2 push 
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Figure 1. Electromotive force cell apparatus 
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rod. The cell leads and the thermocouple wires were insulated 
from each other by AI2O2 multi-bore tubing. 0-rings were used 
to create a gas-tight system as shown in Figure 1. 
All external positive leads from the cell were shielded 
at the potential of the guard circuit of the potentiometer. 
The negative leads were not shielded as they were grounded 
inside the potentiometer. Shielded cables prevented electro­
static interference while the use of guarded circuiting pre­
vented the leakage between critical circuit points. The emf 
measurements were made with a Leeds and Northrup K-3 potenti­
ometer in conjunction with an electronic D.C. null detector. 
The null detector was inserted between the positive side of 
the emf cell and the potentiometer with the side of the detec­
tor having the higher impedance to ground attached to the emf 
cell. This eliminated the necessity of shunting the cell with 
a 5000 ohm resistance during the measurement, which could be 
detrimental to the life of the high impedance cell. The null 
detector was changed to the normal position for the standardi­
zation of the slide wire by means of a Leeds and Northrup 
rotary selector switch with silver contacts. This was the 
same type of switch which was used to change the various emf 
sources entering the potentiometer. For those cells whose emf 
exceeded the capability of the Leeds and Northrup K-3 (1.6010 
volts), a Systron Donner Model 7050 Digital Multimeter was 
used. 
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The cell was heated by a Lindburg Hevi-Duty non-induc­
tively wound split tube furnace. The furnace was powered by 
a West stepless transformer which was controlled by a West set 
point unit with a control thermocouple mounted in the center 
of the furnace. Temperatures at the cell could be controlled 
to 1®C for several days with this equipment. A grounded 
stainless steel tube surrounded the outer AlgO^ tube in order 
to prevent external electrical noise from affecting the emf 
measurements. 
The experiments were run with the cell in a vacuum of 
- 4 
approximately 10 torr or in a purified helium atmosphere at 
a pressure of 2 inches of mercury above atmospheric pressure. 
The helium was purified by passing through copper wool at 
400®C and Linde molecular sieves in a liquid nitrogen cold 
trap. The cold trap also prevented the vacuum pump vapors 
from reaching the cell area during the initial evacuation. 
The molecular sieves were regenerated periodically by heating 
them in a vacuum at 300®C and the copper wool was periodically 
regenerated by heating it in a hydrogen atmosphere at 400°C. 
Sample Preparation 
The results of the impurity analyses of the metals and 
fluorides used in this investigation are shown in Table 3. 
The Al, V, VFg, Mg, Ca, Y, YF^, Sc, ScF^, Th, ThF^ and the 
rare earth metals and fluorides were obtained from Ames Labor­
atory while the remainder of the metals and fluorides used 
Table 3. Impurity analyses in ppm 
Al 
Ca 
Co 
Cr 
Cu 
Fe 
Mg 
Mn 
Ni 
Pb 
Si 
Sn 
Ti 
V 
Ag 
Ba 
B 
Y 
Zr 
Pt 
Zn 
Er 
Tm 
Yb 
Lu 
Co Ni Fe Cr Mn Ca* Mg* V* Y* 
<500 <500 <200 <100 _ _  <11 <15 
<500 <200 <200 <500 <200 major 60 <25 <10 
<1000 <500 — -
<100 <50 <400 major <50 <1 <10 <80 40 
<200 - - <1000 <200 <100 <1 6 <20 30 
<2000 ~1000 maj or 5000 <100 <1 <10 60 150 
<1000 <100 <100 <50 <200 <10 major <15 <10 
<500 <200 <500 <1000 maj or 12 2 
<2000 <500 <300 2 <10 <20 30 
— - <100 - - - - - -
<1000 <2000 <500 <300 <50 - - 58 150-300 80 
— — <200 <100 " — <1 6 >100 
- - <100 major 
— — <100 
<100 800 23 
<500 
— 
— — 52 >100 
^These materials were obtained from Ames Laboratory. 
Table 3. (Continued) 
Impurity Sc^ Th® Al^ CoF, 
A1 20 25 99999 <200 
Ca 30 <20 <2000 
Co major 
Cr 20 20 <50 
Cu 100 - - <200 
Fe 300 <20 
^20 
<500 
Mg 40 <1000 
Mn <20 < 200 
Ni 20 <20 < 3000 
Pb - - <500 
Si 50 <20 <50 
Sn - - — — 
Ti 20 < 20 — -
V — — 
Ag 
Ba 
B <200 
Y 50 <100 
Zr 
Pt <500 
Zn — — 
Er 100 
Tm 20 
Yb 10 
Lu 30 
FeF2 MnFg AIF3 MgF^ CUF2 
<200 <100 major <3000 
<500 <1000 <500 <5000 <50 
- - <100 <100 
<50 <50 <50 <100 <100 
<500 <200 <200 major 
major <100 <100 <1000 <100 
<1000 <200 <200 maj or <200 
<5000 maj or <100 <50 <50 
tm — M m» •— — » am <1000 
<50 <500 <1000 <2000 
- - <100 
- - <200 
— - <50 <100 - -
<500 
<100 <100 
<1000 
<500 
Table 3. (Continued) 
Impurity NiFz ThF^ VFj^ ErF,a DyF,a LuF,* NdF,a GdF,* 
Al <3000 <25 300 <50 5 7 9 6 
Ca <1000 150-500 100 30 140 50 60 280 120 
Co <1000 1 
Cr <100 - - 40 10 1 
Cu - - <30 60 2 1 
Fe 1000 - - 75 150 2 2 4 9 
Mg <5000 55-120 30 <30 20 
Mn <500 <20 - ~ 3 1 
Ni major <20 50 1 - -
Pb <1000 
Si - - 50-100 50 10 40 
Sn <100 
Ti <3000 <30 25 3 2 
V - - maj or 2 
Ag <500 
Ba <200 2 <1 
B <800 7 5 
Y - — maj or 100 20 90 40 1 
Zr <1T)0 <1 
Pt 
Zn <5000 1 1 
Er 10 <10 major 15 <6 10 
Tm 10 1 9 <10 20 
Yb 10 1 10 5 < 1 <60 
Lu 10 10 10 maj or <1 <20 
La 10 2 6 20 
Pr 10 10 5 6 20 2 
Nd 10 250 240 40 major 1 
Sm 10 30 40 5 5 2 
Gd 10 10 20 3 <10 major 
Dy 10 10 maj or 2 <10 2 
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were reagent grade and were obtained from several vendors. 
The analyses given for the reagent grade materials were ob­
tained from qualitative emission spectrographic exposures, 
therefore the maxima given are possibly too large. The anal­
yses given for the materials obtained from Ames Laboratory 
were determined by mass spectroscopic analysis. 
, Optical quality, high purity CaF2 single crystals, pur­
chased from Harshaw Chemical Company, were used as the elec­
trolytes in this study. The 1/8-in. thick discs were cut from 
a 1/2-in. diameter rod whose axial direction corresponded to 
the <111> direction of the CaF2 single crystal. 
The coexistence electrodes were prepared by mixing the 
metal and the corresponding metal fluoride in a volume ratio 
of approximately 4 to 1. After thorough mixing, approximately 
one to two grams were pressed in a 1/2-in. diameter tungsten 
carbide die at 7500 psi. The mixing and loading into the die 
was done in an argon atmosphere dry box for the Th, Ca, Mg, 
and rare earth metals and fluorides. The Ca and Mg runs were 
made with the Mg,MgF2 coexistence mixture or the Ca metal 
encapsulated in a stainless steel cup whose open end was 
polished flat and fit against a polished CaF2 pellet. 
EMF Measurements 
For those runs which were made in a helium atmosphere, 
the system was loaded with the electrode and electrolyte 
pellets, evacuated to about 0.05 torr, flushed with helium, 
heated to 200°C under vacuum for several hours to remove any 
adsorbed gases, refilled with helium, and heated to the 
initial test temperature. For those runs which were made 
under vacuum, the system was loaded with the desired pellets, 
evacuated to about 0.05 torr, heated to 200°C and held there 
for several hours, then heated to the initial test temperature. 
The initial test temperature in all runs was high enough to 
allow stabilization to occur in a few hours. Emf measurements 
were recorded at each temperature when the emf value no longer 
changed with time - normally 1/2 to one hour after the temper­
ature had been attained. Frequently a larger voltage than the 
measured emf was impressed on the cell in order to perturb 
it away from equilibrium by titration. If the emf re-stabil­
ized at the original value, it was concluded that equilibrium 
had been attained and the data point was valid. 
Runs were made which used the same material for the two 
electrodes of the cells, i.e. Ni,NiF2/CaF2/Ni,NiF2, to deter­
mine that any emf measured across the cell would be negligible 
thereby demonstrating that no thermally induced emf appeared 
in the system. 
In order to test for the possibility of electronic con­
ductivity in CaF2, two doped CaF2 mixtures were prepared, 
mixed in a roll mill for 72 hours, pressed, then sintered in 
vacuum at 1000®C for 15 minutes. The mixtures were 1) 1 mole 
33 
percent NaF and 99 mole percent CaF2 and 2) 10 mole percent 
YFj and 90 mole percent CaFg. Both mixtures were used as the 
electrolyte in the following cell arrangement: YjYF^/doped 
CaF2/Ca. 
Several attempts were made to measure the emf of forma­
tion of NiF2 by using a Ni/Ni,NiF2/CaF2/F2 gas/Ni cell. 
Figure 2 shows the high temperature portion of the apparatus 
used for these experiments. The system consisted of a cylin­
der of 90 mole percent He and 10 mole percent F2 gas which 
was connected to a commercial HF trap and to the high tempera­
ture portion of the system with Teflon-packed compression 
fittings onto seamless copper tubing. A mercury manometer 
used to measure the pressure of the system had a protective 
layer of fluorocarbon oil floated on top of the mercury to 
prevent the reaction of mercury and fluorine. 
Prior to making the initial experiment, the entire system 
was passivated (formation of a tenacious NiFg protective layer 
on the exposed Ni surfaces). This was accomplished by block­
ing the gas opening to the cell with a polished nickel plug, 
evacuating, then backfilling the entire system with the F2 gas 
mixture and slowly heating the system to 800®C. After cooling 
and disassembling the cell portion of the system, the initial 
cell was loaded as shown in Figure 2. An oxidized iron washer 
was placed over the gas opening in the nickel base and a CaF2 
single crystal was clamped above that with a stainless steel 
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Figure 2. High temperature portion of F2 gas apparatus 
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nut. A spring-loaded AI2O2 pushrod maintained contact between 
the top electrical lead and the Ni,NiF2 electrode which was 
pressed against the CaF2 single crystal. The second electri­
cal lead was tackwelded to the nickel base. A chromel-alumel 
thermocouple was placed in close proximity of the cell. The 
system was reassembled, evacuated to approximately 10 ^ torr, 
heated to 515°C, and the F2 gas mixture was introduced into 
the cell. Unfortunately, this and three subsequent experi­
ments failed to produce significant data due to the formation 
of a Ni and Fe fluoride on the interface between the CaF2 
electrolyte and the FeO^ washer. 
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RESULTS 
The values of open circuit emf, E, for cells of the type 
Ni,NiF2/CaF2/M,MF^ [II] 
were measured versus temperature, T, for the ranges and M,MF^ 
electrodes listed in Table 4. Table 4 also lists the linear 
least squares best fit values of the constants A and B in the 
equation 
E = A + BT (18) 
as determined from the experimental data listed in Appendix B. 
Figures 3-5 show the data points, the lines corresponding to 
Equation 18, and the emf versus temperature lines that would 
be predicted from Wicks and Block (2); Ilamer, Malmberg, and 
Rubin (10); and Steinmetz and Roth (4) as shown in Table 2. 
Figure 6 is a plot of the measured emf versus temperature 
data and the corresponding least squares fit linear relations 
as obtained from the cells of the type 
Ni,NiF2/CaF2/R,RF3 [III] 
where R represents the following rare earth cations: Lu, Nd, 
Dy, Er, and Gd. The NdF^ data and the calculated relation 
were obtained by summing the emfs of the cells Ni,NiF2/CaF2/ 
GdjGdF^ and Gd,GdF2/CaF2/Nd,NdF2. The bottom segment of 
Figure 6 shows the relationship of the five linear relations. 
Figure 7 shows the relationship of these five curves plus the 
expected emf values as obtained from the previous data tabula-
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Table 4. Temperature range and emf-temperature equations for 
cells of Ni,NiF2/CaF2/M',M'F^ type 
X 
Temperature 
range (°K) Equation E(mv) = A+BT 
CU,CUF2 661-918 E = 569.0+27.9-(.098+.035)T 
Co,COF2 581-1066 E = -136.5+9.0+(.026+.010)T 
Fe,FeF2 741-1030 E = -296.8+5.3-(.089+.006)T 
Cr,CrF2 731-1068 E - -406.9+22.8-(.333+.025)T 
V.VF, 868-1083 E = -500.8+18.0-(.411+.018)T 
Mn,MnF2 732-1071 E = -875.3+3.6-(.232+.004)T 
AljAlFj 748-903 E = -1694.0+15.9-(.0 29+.019)T 
ThpThF^ 961-1076 E = -1706 +21.5-(.296+.021)T 
SC pSCFg 928-1121 E = -2051+20.3- (.179+.019)T 
Mg(solid) , MgF2 751-919 E = -2315+11.9-(.002+.014)T 
Mg(liquid) .MgFg 944-1089 E = -2411+3.1+(.106+.003)T 
Y,YF, 905-1180 E = -2491+ 7.0-(.011+.007)T 
Ca(solid) , CaF2 881-1123 E = - 2880.7+14.4+(.0 23+.014)T 
Ca(liquid) ,CaF2 1128-1193 E = -3204.3+11.2+(.317+.097)T 
Lu jaLuFj( 9 27°K) 726-918 E = -2200.5 + 10.4- (.179+.012)T 
Lu jBLuF^( 927°K) 939-1144 E = -2314.1+6.2-(.066+.006)T 
Er jErFj 969.5-1167 E = - 2342.1 + 10.8-(.055+.010)T 
Dy.DyFj 969.5-1151 E — -238 7.1+15.3-(.015+.014)T 
GdjGdFj 991-1174 E = - 2425.0+17.2+(.019+.016)T 
NdfNdF^a 806-1252 E = - 2469.1+27.6+(.047+.025)T 
^NdjNdFj data was obtained from the summation of the 
measured emfs from Ni,NiF2/CaF2/GdjGdF^ and Gd,GdF2/CaF2/ 
NdjNdF^ runs. 
0.7 
0.5 
0.3 
0.1 
-0 .1  
CELL 
EMF. 
VOLTS 
-0.3 
-0.5 
-0.7 
-0.9 
l.l 
I i _--h ^ T 1 r 
•Cu.CuFg 
'd*—o 8—o6—o—c 
O SINGLE DATA POINT 
• TWO DATA POINTS SUPERIMPOSED 
WICKS a BLOCK 
HAMER.MALMBERG & RUBIN 
STEINMETZ 8 ROTH 
• Co.CoFg 
-O- -O CO—O-
Fe,FeF2 
Cr.CfF 2 
Mn, MnFg 
J  L  
I—o-
_j_ 4—#—1. 
500 550 600 650 700 750 800 850 
TEMPERATURE, "K 
900 950 1000 1050 1)00 
Figure 3. Measured and predicted emf versus temperature values 
•0.6 
-0.8 
-1.0 
- 1 . 2  
-1.4 
CELL 
EMF, 
VOLTS 
-1.6 
-1.0 
-2.0 
-2.2 
-2.4 
I _ _ - L  
± 
1 r 
V.VF, 
AI.AIFj 
O SINGLE DATA POINT 
• TWO DATA POINTS SUPERIMPOSED 
WICKS a BLOCK 
HAMER , MALMBER6 a RUBIN 
-— STEINMETZ a ROTH 
SC.SCFg 
J I I L 
700 750 800 850 
J L 
900 950 1000 1050 1100 
TEMPERATURE ,'K 
1150 1200 1250 1300 
00 
Figure 4. Measured and predicted em£ versus temperature value; 
-1.4 
-1.6 — 
-}Th. ThFd 
-1.8 — 
-2.0 — 
-2,2 
CELL 
EMF, 
VOLTS 
-2.4 
Th,ThF4 
-2.6 — 
—2.8 —" 
O SINGLE DATA POINT 
• TWO DATA POINTS SUPERIMPOSED 
— WICKS a BLOCK 
-»-D— 
HAMER, MALMBERG, a RUBIN 
STEINMETZ a ROTH 
Y.YFg 
Mg MELTING POINT 
WgFg 
Mg.MgFg 
•Y.YFa 
Y.YF3 
Co MELTING POINT 
Co.CoFg 
-3.0 — 
-3.2 J L J L 1 
700 75 0 000 850 9 0 0 9 50. K)00 1050 1100 1150 1200 1250 1300 
TEMPERATURE, °K 
Figure 5. Measured and predicted emf versus temperature values 
-•—Lu , Lu Fj 
A — A -  - Û  
A-^ - -Nd.NdF: 
EMF DATA OF NI, NIFg/CcFg, Nd.NdFgCELL q 
OBTAINED BY SUMMATION OF THE CELLST~^^-'^0—Dy Fg 
NI.NIFg/CoFg/Qd.GdFg AND 
Od,OdF,/CaFg/Nd,NdF; 
—o_c 
2.425^ 
2.425>-
O SINGLE DATA POINT 
• TWO DATA POINTS SUPERIMPOSED 
-0—8-8-8-8-9-9-8-^ "'"'"'3 
Lu.LuFg 
Er.ErFs 
oy.oyFa" 
y 
I ij 1 1 \ -t _ _^Nd,NdF^3 
700 750 800 850 900 950 1000 10 50 1100 1150 1200 1250 1300 
TEMPERATURE."K 
•P» 
o 
Figure 6. Measured em£ versus temperature values for rare earth fluoride 
compounds 
-1.8 
-1.9 
-2.0 
-2.1 
CELL 
EMF 
VOLTS 
-2.2 
- 2 . 3  
-Lu.LuFj-
1 
Er,ErF3 
0y,D»F3 
THIS INVESTIGATION 
— WICKS a BLOCK <3<».6<1F3 
— HAMER.MALMBERG @ RUBIN 
Nd.NdFg 
Lu,LuF3aEr,ErF3 
Dy.DyF; 
Gd.GdFg 
Nd.NdFg 
Lu.LUFj 
Er,ErF3 
Oy.OyF^^. 
GdFa 
1 
750 800 850 900 950 100 0 
TEMPERATURE, "K 
1050 II 1150 1200 
Figure 7. Measured and predicted emf versus temperature values 
42 
tions mentioned above (2,4,10). 
The emf data for the cells of the type 
M',M*F^/CaF2/M",M"Fy, [IV] 
where Ni,NiF2 was not used as the reference electrode, are 
tabulated in Appendix C with the exception of the emf data 
from the cell Ca/CaF2/Ywhich are presented in Appendix D. 
Table 5 lists the coexistence electrodes used in each cell, 
the temperature range over which the cell was investigated, 
and the equation of the measured emf versus temperature as 
obtained from a least squares fit of the experimental data to 
a linear relation. Figure 8 is a plot of the emf data points, 
the calculated least squares relation determined from these 
data points, and the emf E = E" - E' where E" is the emf value 
measured for the cell Ni ,NiF2/CaF2/M",M"Fy. and E ' is that for 
the cell Ni,NiF2/CaF2/M',M'F^. Figure 9 is a similar compari­
son for the cell Ca/CaF2/Y,YF2 when the electrolyte was 
either pure, Y-doped, or Na-doped pressed and sintered CaF2 or, 
finally, pure single crystal CaF2 • The equations for the 
measured emf versus temperature and the temperature range 
investigated for each electrolyte condition are presented in 
Table 6. 
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Table 5. Temperature range and emf-temperature equations for 
cells of M*,M'F^/CaF2/M",M"Fy type 
M» m'F -M" M"F Temperature 
M ,M M ,M range (°K) Equation E(mv) = A+BT 
CO,COF2-Cu,CUF2 732-924 E = 455.7+49.1+(.264+.059)T 
Cr.CrF.-Co.CoFg 741-1096 E = 408 .3+12.2+(.192+.013)T 
GdjGdFj-LUjLuFj 1002-1252 E = 9.S+3.2+(.006+.0 27)T 
GdpGdFg-NdpNdFg 806-1252 E = -44.1+10.4+(.028+.009)T 
Co,CoF2-Fe,FeF2 732-924 E = -249.4+9.0+(.009+.011)T 
Cr ,CrF2-Mn,MnF2 665-1096 E = -336.7+5.7-(.031+.006)T 
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Table 6. Temperature range and emf versus temperature equa­
tion for YjYF^/electrolyte/Ca cells 
Electrolyte Temperature Equation E(mv) = A+BT 
range C°K) 
Single crystal 
CaF, 
681-•1110 E= -479 .1+5. 1+C.105+ .006)T 
Pressed and 
sintered 
Pure CaF2 805-1082 E= -384 .0+12 .4+(.023+.013)T 
Na-doped CaF2 805-1103 E= -383 .3+7. 2+(.021+ .007)T 
Y-doped CaF2 764.5-1132 E= -354 .0+10 .6+(.003+.011)T 
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DISCUSSION OF RESULTS 
As pointed out earlier, one can expect discrepancies 
between sources of published values for the thermodynamic 
properties of fluoride compounds since numerous methods have 
been employed to estimate these properties and very few 
investigators have actually made direct measurements of these 
properties at the temperatures encountered during this investi­
gation. Some of the methods most often used are as follows: 
1) atomic chart comparison - an extrapolation is made 
from the known thermodynamic properties of homolo­
gous compounds of the a) cation, such as the series 
Nil2, NiBrg, and NiCl2, to arrive at an estimate of 
the fluoride values or b) anion where the cation is 
in the same row or column of the atomic chart, such 
as CaF2 and SrFg to estimate values for BaFg. 
2) extrapolation of data taken at or below 298®K 
with few if any data regarding variations at 
elevated temperatures. 
3) single temperature data, e.g. bomb calorimetry, and 
rarely at the temperatures of this investigation. 
4) combination of elemental data to yield values 
for the compounds - again with few if any data 
regarding values at elevated temperatures. 
5) educated estimates of the thermodynamic property 
changes that would occur during a specific reaction. 
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Comparison of the measured emf data with those determined 
from the previous reviewers (2,4,10) (see Figures 3, 4, 5, and 
7 and Tables 1 and 2) reveals that the measured values are in 
all cases more negative. The conclusion which can be drawn is 
that at high temperatures these fluoride compounds are more 
stable relative to Ni,NiF2 than indicated by the existing 
tabulations. 
There is a question regarding the thermodynamic signifi­
cances of emf data from CaRg electrolytes subjected to very 
reducing conditions such as prevail in the cell Y,YF2/CaF2/Ca. 
More specifically Wagner (46) has shown that the open circuit 
emf for a virtually stoichiometric compound depends decisively 
on its ionic transference number t^^^. For CaF2 Wagner's 
result is 
Wc dpp-
E = ^ion C19) 
where and ^F2 are the fluorine chemical potentials estab­
lished by the right and left reversible electrodes, t^^^ and 
tg are respectively the ionic and electronic transference 
V IF 
numbers for CaF? averaged over the range y- to y- and the 
^ ^2 ^2 
thermodynamic is determined from Equation 1 and is the true 
thermodynamic free energy difference being studied. Because 
t- may be expected to increase under reducing conditions, it 
is necessary to consider whether its value is negligible 
(i.e., less than .01) compared to unity for any particular 
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cell. 
Ure (47) has shown that NaF as well as YF^ dopant addi­
tions substantially enhance the ionic conductivity of CaF2. 
Invoking mass action considerations such as elaborated by 
Laskcr and Rapp (67) indicates that YF^ dopant additions 
should enhance t^, but NaF additions should lower t- signifi­
cantly under reducing conditions. This provides a means for 
testing whether or not t^ is substantially different from 
zero. In particular, if the values of the cell emf are inde­
pendent of dopant concentrations in the solid electrolyte, one 
may conclude that t^ is so close to zero that the variations 
produced have negligible effect on the measured emf. 
An effort was made to determine whether the effects of 
electronic conduction are significant in CaF2 under reducing 
conditions but the results are still not totally conclusive. 
Cells involving a Ca,CaF2 coexistence electrode are the most 
likely to exhibit the excess electronic conduction effects 
because Ca,CaF2 coexistence establishes the most reducing con­
ditions that CaF2 can tolerate without decomposing. Hence, 
in accordance with Equation 19, the magnitude of the observed 
emf of the cell Ni ,NiF2/CaF2/Ca may be less than the thermo­
dynamic value if t, is significant. A similar discrepancy 
would be expected from cells such as Ni,NiF2/CaF2/YjYF^ in 
which the right electrode corresponds to slightly less reduc­
ing conditions. In these latter cells, however, the emf dis-
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crepancy from the thermodynamic value would be less because 
the excess electronic transference number increases with in­
creasingly reducing conditions. Emf measurements from these 
cells are shown on Figure 5. In view of the agreement with 
tabulated values of AG^ for CaF2 and the substantial discrep­
ancies in presently tabulated values of AG^ for YF^, the 
measured emfs could very well be thermodynamic values. How­
ever, because of uncertainties in the present thermodynamic 
tabulations, one can not be certain. 
Subtraction of these emfs should yield the emf of the 
cell Y,YF2/CaF2/Ca; however, the value of t^ for this cell 
would be much greater than for either of the previous ones. 
Hence, it was decided to study the prototype cell, Y,YF2/CaF2 
electrolyte/Ca with the CaF2 solid electrolyte (A) undoped, 
(B) doped with NaF2 and (C) doped with YF^ to see if the 
measured emfs would be sensibly different in the three cases. 
To facilitate doping, these electrolytes were prepared from 
powders that were thoroughly mixed, pressed, and then sin­
tered - they were not single crystal electrolytes. The 
measured data are plotted in Figure 9 and the corresponding 
linear regression lines are shown to compare rather favorably 
with each other and with the emf difference for the cells 
Ni,NiF2/CaF2/Ca and Ni,NiF2/CaF2/YjYF^. The undoped and Na-
doped electrolyte data superimpose and though the Y-doped 
electrolyte gave slightly lower emf values, their spread seems 
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to be substantially greater. Hence, it seems reasonable to 
surmise from these observations that the effect of t^ in 
undoped CaF2 is negligible to within experimental accuracy 
and that the observed emfs in all cases correspond to the 
thermodynamic values. This approach yields quite reasonable 
values for the thermodynamic stabilities of CaF2 and YF^ rela­
tive to NiF2. However, if the effect of t^ is not actually 
negligible, this approach gives a slightly conservative 
assessment of their thermodynamic stabilities. 
The only doubt in this regard was generated by another 
set of observations on the cell Y^YF^/CaFg/Ca in which single 
crystal solid electrolytes (four undoped and. one doped with 
2 mole percent YFg) were used in place of the pressed and 
sintered electrolytes discussed above. Of the four undoped 
single crystal electrolyte runs, two gave larger emfs than the 
other two by approximately 20 millivolts and the cell with the 
doped single crystal electrolyte yielded smaller emfs by 
approximately 15 millivolts. The results from the two larger 
emf undoped single crystal electrolyte cells are shown in 
Figure 9; the results from the remaining three cells are not 
shown since additional intersecting lines would add confusion 
to the figure. 
All the single crystal cells exhibited an anomalous 
slope of cell emf versus temperature which is inconsistent 
with that predicted from the emf difference between the cells 
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involving the Ni,NiF2 electrodes. To satisfactorily resolve 
this minor difficulty would require more extensive investiga­
tions into the nature of the CaF2 electrolyte that extend 
beyond the intended scope of the present study. 
Although three attempts were made with the fluorine gas 
emf cell apparatus (Figure 2) to determine the emf corres­
ponding to AG| of NiF2, no results were obtained due to the 
formation of a NiF2 and FeF2 film across the face of the 
single crystal CaF2 electrolyte. 
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Appendix A. Relationships between EMF, AG^, and AG° 
The relationship between the emf, E, for the cell 
F2 gas [1 atm)/CaF2/M,MF^ (Al) 
and the standard free energy of formation, AG^(MF^), for one 
gram formula weight of MF^^ is given by 
a S E  =  A G J (MF^) = |RTlnPp^ (AZ) 
where Pp^ is the fluorine gas partial pressure (in atm) re­
quired to sustain coexistence of the phases M and MF^ at the 
cell temperature, T. 
For example, the emf of the cell 
F2 gas (1 atmJ/CaFz/Ni.NiFg (A3) 
can be predicted from tabulated values of ^.[^(NiFg). For 
1000°K, Wicks and Block (2) give AG°(NiF2) to be -124 kcal/ 
mole F2. From Equation A2, the predicted emf of cell A3 at 
1000°K is calculated to be -2.689 volts. 
Alternatively emf measurements on such cells can be used 
to calculate formation free energy data by merely solving 
Equation A2 for AG^^NiFg) and setting a = 2. 
For a cell of the type 
M',M'F^/CaF2/M",M"F^ (A4) 
at equilibrium, the following reaction would occur 
M"(solid) + I M'F^(solid) * M'(solid) + M"F^ (solid) . (AS) 
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If the metals and corresponding fluoride compounds are in 
their standard states, the relationship between the emf and 
the standard free energy of displacement, AG^, is given by the 
following equation 
AGJ = AG°CM"Fy) - I .AG|CM'F^) = -bSrE (A6) 
where 3* = 23.061 kcal/volt moje. 
For example, Wicks and Block (2) report AG£CCaF2) at 
1000°K to be -249.8 kcal/mole F^. Hence at 1000°K, AG^ for 
the displacement reaction 
Ca + NiF2 CaFz + Ni (A7) 
is given by 
AGJ = AG°(CaF2) - AG|(NiF2) 
= -249.8 - (-124) 
= -125.8 kcal/mole F2. (AS) 
The predicted emf of the cell 
Ni,NiF2/CaF2/Ca (A9) 
at 1000°K is thus given by 
E = [AGj(CaF2) -A G°(NiF2)]/2 
= -125.8/2(23.061) 
= -2.728 volts (AlO) 
which is not quite as large a negative value as measured in 
this study (-2.856 volts). 
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Alternatively Equation A6 may be used to calculate 
AG^CCaF2) from the measured emf of cell A9 if AG^(Nif2) is 
known. Assuming -124 kcal/mole Fg for AG£CNiF2), the measured 
cell emf. of -2.856 volts yields a value of -255.7 kcal/mole F2 
for AGJ of CaF2 at 1000°K. 
An error that frequently occurs in determinations of this 
type is the usage of a mixture of the units of the free energy 
terms. For example, AG^ of MF^ could be reported in kcal/mole 
of compound, kcal/mole of F2, or kcal/mole of M. The conver­
sion of the units would be 
AG^^kcal/mole compound) = ^ AG^Ckcal/mole F2) = 
AG^^kcal/mole M). 
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Appendix B. EMF, 
Cells 
Cu ,Cub2 
Temp,*K emf ,inv. 
734 525* 
802 473* 
808 522* 
876 480 
918 485 
903 475 
945 467* 
883 494 
834 466* 
837 523* 
861 471 
770 500 
771 497 
805 484 
845 497 
845 476 
702 507 
710 519 
661 487 
766 487 
728 495 
Co ,COF2 
Temp,°K -emf ,niv. 
837 128* 
1042 110 
1006 109 
942 107 
983 105 
1022 106 
1066 109 
1059 109 
968 106 
808 127 
810 126 
734 117 
768 120 
710 112 
661 114 
Data for 
C O  
Temp,°K -emf,mv. 
581 114 
744 124 
802 117 
834 114 
838 116 
914 119 
945 122 
900 106 
886 104 
861 124 
Fe .FeF, 
Temp,°K -emf,mv. 
952 378 
1030 391 
1000 384 
931 377 
857 376 
741 365 
741 359 
773 367 
773 362 
807 372 
807 367 
840 376 
840 373 
874 378 
874 376 
972 384 
972 384 
978 385 
978 385 
951 382 
951 382 
934 380 
934 380 
pNiFg/CaFg/M',M'F^ 
Cr.CrFg 
Temp ,°K -emf ,inv. 
829 667 
1068 754 
1027 744 
977 731 
920 716 
871 704 
803 683 
754 658 
732 646 
1053 749 
996 747 
950 740 
1008 745 
918 727 
853 679 
V.VF,  
Temp,°K -emf,mv. 
887 863 
1052 934 
1044 929 
1044 924 
1029 934 
1029 922 
1011 916 
991 904 
890 856 
927 888 
943 897 
963 906 
963 889 
981 912 
981 901 
1024 918 
1024 927 
1039 922 
1039 932 
1042 924 
1042 939 
*Equilibriiun not attained. 
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Appendix B. (Continued) 
V/VFg AljAlF^ 
Temp,°K 
929 
929 
1007 
1032 
1070 
1073 
1073 
1044 
1083 
1083 
1083 
1083 
868 
T emp,° K 
823 
935 
925 
886 
857 
923 
834 
733 
1031 
1071 
1000 
962 
Temp,°K 
747 
795 
915 
837 
890 
890 
836 
836 
795 
780 
-em£,mv. 
876 
878 
911 
924 
941 
935 
942 
940 
941 
951 
939 
952 
866 
-emf,mv. 
1031* 
1078* 
1090 
1081 
1075 
1087 
1068 
1045 
1113 
1125 
1106 
1098 
-emf,mv. 
1697 
1727 
1692 
1725 
1718 
1722 
1715 
1724 
1710 
1722 
Temp,°K 
780 
765 
748 
865 
865 
812 
812 
827 
827 
852 
852 
878 
878 
903 
903 
804 
804 
837 
Temp, 
953 
953 
1057 
1057 
1076 
1076 
1042 
1042 
1025 
1025 
997 
997 
982 
982 
961 
961 
1018 
1018 
-emf ,mv. 
1708 
1723 
1717 
1722 
1718 
1717 
1712 
1717 
1716 
1719 
1718 
1722 
1719 
1721 
1718 
1720 
1718 
1721 
Th.ThF, 
°K -emf,mv. 
1980* 
1975* 
2 0 2 0  
2016 
2023 
2 0 2 0  
2017 
2013 
2013 
2010 
2 0 0 2  
1997 
1999 
1994 
1990 
1985 
2011 
2008 
Mn jMnF-
AljAlFj 
Sc jScFj 
Temp,®K -emf ,mv 
944 2215 
944 2175 
1057 2221 
959 2225 
998 2230 
998 2233 
1040 2243 
1040 2233 
979 2217 
1018 2242 
1018 2227 
1058 2247 
1058 2236 
1080 2234 
1080 2249 
1100 2253 
1100 2256 
1121 2250 
1121 2257 
1116 2250 
1116 2258 
1096 2243 
1096 2252 
1076 2238 
1076 2247 
1057 2232 
928 2222 
928 2220 
959 2226 
Solid Mg,MgF2 
Temp,®K -emf,mv 
834 2306 
871 2305 
909 2303 
862 2318 
919 2314 
906 2316 
875 2318 
837 2320 
807 2321 
789 2317 
772 2315 
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Appendix B. (Cont 
Solid MgfMgFg 
Temp,°K -em£,mv. 
751 2311 
752 2310 
814 2320 
824 2321 
837 2320 
854 2319 
871 2318 
891 2317 
912 2317 
886 2312 
890 2315 
898 2314 
919 2313 
Liquid Mg,MgF2 
Temp,°K -emf,mv. 
938 2314* 
950 2299 
961 2310 
980 2307 
998 2305 
1020 2303 
1025 2303 
1049 2300 
944 2311 
968 2309 
989 2307 
1001 2306 
1010 2305 
1071 2298 
1089 2296 
Y.YF 
'3 
Temp,°K -emf,mv. 
1055 2500 
1055 2490 
1073 2500 
1073 2500 
1049 2500 
1049 2500 
1013 2490 
YVYF, 
Temp,°K -em£,mv. 
957 2490 
1081 2500 
1081 2500 
1105 2500 
1105 2500 
1130 2500 
1130 2500 
1154 2500 
1154 2500 
1170 2500 
1170 2500 
1177 2500 
1177 2500 
1179 2490 
1179 2490 
1126 2490 
1126 2490 
1110 2490 
1045 2510 
1045 2510 
1008 2510 
1008 2510 
1053 2510 
1053 2510 
905 2490 
905 2490 
945 2500 
945 2500 
980 2500 
980 2510 
1020 2510 
1020 2510 
1056 2510 
1056 2510 
1097 2510 
1097 2510 
1143 2510 
1143 2510 
1180 2510 
1180 2510 
1132 2510 
1132 2510 
Solid Ca,CaF2 
Temp,°K em£,mv. 
835 2878* 
855 2844* 
984 2864 
881 2850 
896 2854 
914 2856 
930 2858 
951 2860 
970 2860 
882 2857 
906 2859 
927 2862 
948 2866 
968 2869 
988 2870 
1009 2868 
1029 2866 
1052 2862 
1071 2861 
1090 2857 
1111 2853 
1123 2851 
1043 2856 
1008 2857 
1028 2854 
911 2855 
947 2862 
1049 2855 
1073 2856 
1077 2851 
1095 2849 
1114 2847 
Liquid Ca ,CaF2 
Temp,°K -emf,mv 
1133 2843 
1153 2833 
1193 2819 
1128 2848 
1150 2843 
1168 2839 
1184 2836 
Appendix B. (Continued) 
Lu,LUF3(<970°K) 
Temp.®K -em£,mv. 
779 2321* 
797 2312* 
813 2326* 
833 2339* 
849 2347 
864 2350 
760 2337 
775 2340 
793 2344 
810 2346 
830 2352 
846 2355 
870 2359 
887 2363 
903 2364 
918 2363 
900 2363 
900 2355 
970 2379 
963 2379 
963 2377 
726 2329 
752 2331 
936 2372 
936 2366 
941 2365 
980 2380 
980 2379 
1000 2379 
1000 2381 
1019 2380 
1019 2383 
1039 2381 
1039 2384 
1058 2382 
1058 2386 
1080 2385 
1080 2388 
1102 2388 
1102 2390 
1125 2389 
1125 2388 
1145 2390 
1145 2388 
Lu jLUFj (<970°K) 
Temp.®K -emf,mv. 
970 2379 
1009 2383 
1009 2378 
1049 2386 
1049 2382 
Dy, DyF, 
Temp.°K -emf,mv. 
929 2370* 
949 2381* 
970 2400 
986 2401 
1006 2403 
1031 2405 
1031 2396 
1046 2407 
1046 2400 
1065 2408 
1065 2402 
1086 2409 
1086 2405 
1109 2408 
1109 2404 
1131 2407 
1131 2402 
1151 2407 
1151 2398 
1143 2406 
1038 2400 
1055 2402 
1076 2402 
1095 2402 
1117 2401 
1140 2398 
Er, ErFj 
Temp,°K -emf,mv. 
889 2360* 
1029 2400 
1029 2398 
1068 2402 
1068 2401 
Er .ErFg 
Temp°K -emf,mv. 
1101 2402 
1145 2402 
1145 2402 
1045 2397 
1045 2402 
1084 2403 
1084 2406 
1129 2405 
1129 2409 
1167 2408 
1162 2401 
1162 2407 
1145 2402 
1122 2400 
1122 2406 
1103 2398 
1103 2405 
1086 2397 
1086 2404 
1065 2398 
1065 2405 
1040 2399 
1025 2398 
1007 2396 
988 2394 
970 2393 
1101 2402 
1163 2402 
1145 2407 
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GdiGdFg 
Temp,°K -em£,mv 
1174 2390** 
1165 2381** 
991 2403 
991 2401 
1009 2404 
1032 2410 
1049 2405 
1049 2409 
1069 2404 
1069 2408 
1090 2403 
1090 2408 
1111 2402 
1111 2408 
1132 2400 
1132 2407 
1152 2398 
1152 2407 
1174 2397 
1032 2405 
**Outside of RMS standard deviation. 
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Appendix C. EMF, Temperature Data for M',M'F /CaF-ZM",M 
Cells 
CriCrFz/CaFz/COiCoFg Cr,CrF2/CaF2/Mn,MnF2 
Temp,°K emf,mv. Temp,°K -emf,mv. 
626 560* 1070 368 
568 546* 1009 367 
741 540 906 361 
760 553 665 365 
779 560 696 367 
799 562 738 366 
814 565 670 355 
915 575 726 360 
935 595 741 356 
955 597 955 358 
978 606 978 373 
996 607 996 374 
1018 608 1018 375 
1036 609 1036 376 
1055 611 1075 375 
1075 611 1096 373 
1096 609 1055 376 
1089 609 1089 368 
1071 609 1071 373 
1048 608 1048 370 
1030 608 1030 369 
1011 608 1011 367 
991 599 991 365 
968 607 968 367 
935 360 
Cr,CrF2/CaF2/Mn,MnF2 Co,CoF2/CaF 2/Fe,FeF2 
T emp,° K -emf,mv. Temp,°K -emf,mv 
899 343** 790 241 
915 350** 890 242 
1010 364 844 242 
1061 369 811 241 
1038 370 732 240 
703 358 766 246 
769 363 811 245 
812 354 836 241 
860 355 866 240 
915 361 901 242 
987 366 924 240 
*Equilibrium not attained. 
**Outside RMS standard deviation. 
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Co ,CoF2/CaF2/Cu,CuF2 
Temp,°K emf,mv 
802 665 
790 674 
890 690 
844 692 
811 690 
732 637 
766 648 
811 661 
836 681 
866 689 
901 689 
924 686 
Gd.GdFg/CaFz /Nd,NdF 
Temp,°K -em£,inv 
806 9 
846 32 
885 20 
963 15 
1002 15 
1042 15 
1082 18 
1165 15 
1186 19 
1207 7 
1154 21 
1175 7 
1186 14 
1196 12 
1208 11 
1218 8 
1230 8 
1241 7 
1252 . 2 
1211 9 
Gd,GdF^/CaFz/LUjLuFj 
Temp,°K emf,mv. 
1002 11 
1042 7 
1082 4 
1123 30 
1186 1 
1207 9 
1229 7 
1251 11 
1154 3 
1175 33 
1186 18 
1196 20 
1208 21 
1218 24 
1230 24 
1240 23 
1252 28 
1231 34 
1211 2 
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Appendix D. EMF, Temperature Data for Ca/electrolyte/Y,YF^ 
Cells 
Pressed and 
CaFo 
sintered Y-doped CaF2 Single crystal Ca?2 
Solid Ca 
Temp ,°K emf,mv. Temp j'K emf,mv. Temp,®K emf,mv. 
965 369 768 327* 1027 368 
923 368 786 326* 987 374 
902 368 1049 345 755 398 
882 368 766 355 784 395 
862 367 843 350 822 388 
844 366 923 351 862 383 
825 364 1004 351 902 380 
805 360 1043 352 936 377 
942 353 1084 338 953 377 
961 358 961 354 931 379 
981 361 881 360 889 382 
1002 362 802 362 851 585 
1021 363 827 347 737 407 
1040 359 866 346 766 402 
1061 359 905 345 800 394 
1082 359 945 346 846 386 
982 352 1064 364 
Na-doped CaF- 846 345 1109 356 
875 345 1110 368 
Temp,°K emf,mv. 914 346 1025 367 
364 
364 
365 
366 
366 
363 
363 
366 
362 
365 
368 
357 
358 
954 347 1063 364 965 
923 
902 
882 
973 
1013 
1048 
1069 
348 
346 
358 
354 
1088 
1053 
1001 
967 
373 
372 
580 
382 
862 
844 
825 
805 
981 
1002 
1021 
1040 
1132 346 925 387 
1110 352 911 389 
1088 355 887 392 
1048 358 870 393 
1016 
936 
939 
918 
361 
363 
360 
360 
849 
832 
815 
793 
394 
395 
396 
395 1061 765 348 774 395 1082 360 794 347 758 395 1104 358 870 362 739 397 
950 337* 719 402 
1090 350 703 405 
1027 353 681 415 
*Equilibrium not attained. 
Appendix D. (Continued) 
Single crystal CaF2 
Solid Ca 
Temp,°K 
912 383 
918 384 
923 384 
948 384 
717 395 
Single crystal CaFg 
Liquid Ca 
Temp,®K em£,niv 
1130 352 
1140 356 
1171 354 
1192 353 
1217 359 
1239 359 
1211 359 
1208 361 
1165 364 
1129 368 
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